Tension and intracellular free calcium concentration ([Ca2
I
t is widely suspected that a maintained rise in intracellular free calcium concentration ([Ca 2+ ]|) contributes to many kinds of muscle damage.
1 "
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The mechanism whereby elevation of [Ca 2+ ]j above the normal physiological range leads to damage is uncertain, but involvement of calcium-activated proteases 4 and phospholipases 5 has been proposed. A variety of mechanisms could lead to such elevations of [Ca 2+ ]j. There is a very large electrochemical gradient for the entry of calcium into the cell so that any pathological mechanism that increases the permeability of the surface membrane is likely to lead to an inward leak of calcium and thus to an elevated [Ca 2+ ];. The normally low [Ca 2+ ]; is maintained by a variety of pumps and exchangers, all of which are ultimately dependent on ATP, so that interventions that prevent ATP synthesis will lead eventually to elevated [Ca 2+ ]j. There have been a number of studies in cardiac muscle that show that [Ca 2+ ]i does indeed rise when the various pathways for ATP synthesis are blocked. 6 " 10 However, the time course and magnitude of the rise in [Ca 2+ ]j were highly variable in these experiments (for review, see Allen and Orchard"), and there has been little attempt to determine whether the rise in [Ca 2+ ]; contributes to cell damage.
Ischemia and reperfusion are important causes of damage to cardiac muscle. 1213 Oxidative phosphorylation is prevented very early in ischemia because the supply of O 2 ceases; anaerobic glycolysis is accelerated initially but is inhibited later despite the persistence of endogenous glycogen stores.
14 Since all pathways for ATP synthesis are inhibited in late ischemia, intracellular ATP falls to very low levels, 15 and there is much evidence that ionic regulation is abnormal. Thus, Shen and Jennings 16 showed that total cellular calcium was unchanged during ischemia but rose dramatically on reperfusion; this increase in total calcium is known to be due to an increase in calcium influx. 17 Recent work indicates that [Ca 2+ ] ( also rises during ischemia. l8 These changes in calcium are thought to be involved in the cellular damage observed in ischemia and reperfusion.
In the present study, metabolic blockade was produced in isolated ferret papillary muscle by preventing both oxidative phosphorylation and anaerobic glycolysis. Tension and [Ca 2+ ]j were measured before, during, and after periods of metabolic blockade. The aims of these experiments were to determine the time course and magnitude of the changes in [Ca 2+ ]i and to investigate the mechanisms involved. In addition, we have attempted to test whether the changes in [Ca 2+ ]j are the cause of the loss of mechanical function that occurs after prolonged metabolic blockade. Since metabolic blockade mimics some of the metabolic changes that occur late in ischemia, the changes in [Ca 2+ ] ; during and after metabolic blockade may provide some insight into those changes that occur during ischemia and reperfusion.
Materials and Methods
Thin papillary muscles (<1 mm diameter) were dissected from the right ventricles of ferrets. The preparations were mounted horizontally in a chamber and perfused continuously with Tyrode's solution (see below) at 30° C. They were stimulated at 1 Hz unless otherwise stated. The muscles were stretched to a length that gave maximal developed tension.
[Ca 2+ ]j was measured with photoprotein aequorin, which emits light when it combines with calcium." In most of the experiments, aequorin was microinjected into 25-50 surface cells, and the resulting light emission was measured with a photomultiplier tube. In a few experiments, only a single cell in the papillary muscle was injected with aequorin. Full details of these methods have been published. 20 - 21 
Solutions
The preparation was perfused with a solution of (mM) Na 135, K 5, Mg 1, Ca 2, Cl 134, HCO 3 20 , HPO 4 1, and insulin 4X 10" 5 , and was equilibrated with 95% O 2 -5% CO 2 , pH 7.4. (The insulin was present for reasons unrelated to the present experiments.) It was desirable, in experiments in which lithium replaced sodium, to eliminate from the solution those anions whose lithium salts were unavailable. Therefore, the control solution for these experiments was (mM) Na 135, K 5, Mg 1, Ca 2, Cl 141, HEPES 5, and insulin 4 X 10" 5 ; and was equilibrated with 100% O 2 , pH 7.4. There was no obvious difference between the responses of the preparations in these two solutions. The sodium-free solution had the same composition as above except all sodium was replaced by lithium.
Methods Used to Produce Metabolic Blockade
Glycolysis was prevented by two methods. First, in most experiments, the muscle was glycogen depleted: since the perfusion solution contains no glucose, depletion of glycogen prevents glycolysis. Glycogen depletion was achieved by stimulating the muscle at an increased rate (2 Hz) for at least 2 hours. 22 A study from this laboratory, 23 in which the maximum rate of glycolysis was estimated from the lactate production during periods of hypoxia, suggests that this procedure would have reduced the capacity for glycolysis to <10% of the maximal rate. The above study showed that successive exposures to hypoxia led to further falls in lactate production. It therefore seems likely that successive periods of exposure to cyanide or N 2 in the present study would have been associated with increasingly severe metabolic blockade. Second, in four experiments, glycolysis was blocked with iodoacetate (0.1 mM) applied to the muscle for 30 minutes and then removed. This procedure blocks glycolysis completely and irreversibly and leads to a very rapid fall of ATP when the muscle is subsequently made anoxic. 23 This precipitous fall in ATP occurs both because all pathways for ATP synthesis are prevented and because phosphate is trapped as phosphorylated glycolytic intermediates.
Oxidative phosphorylation was prevented either by addition of 2 mM NaCN to the perfusion solution or by replacing O 2 with N 2 . These two methods gave similar results provided the following precautions were taken to minimize contaminant O 2 when N 2 replaced O 2 . Stainless steel tubing was used wherever possible for the perfusion lines. The muscle chamber was covered with a glass coverslip to prevent entry of atmospheric O 2 . The perfusion pump was surrounded by a polythene cover that was vented with N 2 to prevent O 2 from entering the thin rubber pump lines. The N 2 was first bubbled through a solution of dithionite to remove traces of O 2 . Because CN" was technically simpler to use, it was used in the majority of the experiments.
Calibration of Aequorin Light Signals
Aequorin light signals were converted to [Ca 2+ ]; by a calibration procedure similar to that described by Allen and Blinks. 24 This approach involves normalizing the aequorin light at each stage for the amount of active aequorin in the preparation and then using an in vitro calibration curve to convert the normalized light (fractional luminescence) to [Ca 2+ ]i. At the end of each experiment, the muscle was exposed to 2% Triton-X 100 in 10 mM CaCl 2 . The combination of hypotonicity and detergent rapidly destroyed the cell membranes and led to discharge of the remaining aequorin. The resulting light emission was complete (i.e., <10" 3 of the maximum value) in 61 ± 6 4 seconds (mean±SD, n = 16). The large standard deviation is largely caused by the two preparations in which light emission continued for up to 250 seconds in irregular bursts before terminating. Light emission was assumed to have finished when no further light was detected during a 5-minute period.
Calibration procedure required three steps. 1) Correction for aequorin consumption during metabolic blockade. In the present experiments, large and prolonged increases in [Ca 2 " 1 "], occurred, which led to significant aequorin consumption in the course of an experiment. To correct for this consumption, the amount of active aequorin remaining (AAR) in the preparation was calculated for each point in the light record by integrating the light produced after that point and by adding it to the integral of light produced during the Triton exposure. This procedure was performed by digitizing the light signals and storing them in a computer. Because of limitations of the computer memory and of the time periods involved, for example, 30 minutes, the sample rate had to be restricted to about 4 Hz in the longest records. For this reason, the calcium transients, which last only 0.2 second, are not sampled reliably and are not clearly visible in the converted calcium records.
2) Conversion of light intensity to fractional luminescence (FL 26 ) . The values of the two constants K TR = 98 and K R = 2.7 X 10 6 were obtained by fitting the above expression to an in vitro calibration curve. This was determined with the methods described by Allen et al 26 on a sample of the aequorin used in the present study. The conditions of the assay were K + 157 mM and Mg 2+ 1 mM, pH 7.0, 30° C; the aequorin was also dissolved in the same solution according to previous methods. 23 Because light records are noisy, individual values of fractional luminescence were often less than the calcium-independent component of aequorin luminescence; the computer program set calcium = 0 for these points. The minimum detectable [Ca 2+ ] in these experiments depends on the amount of aequorin injected, the period during which the light records are averaged, the dark current of the photomultiplier tube, and the shape of the aequorin calibration curve in the region of the resting [Ca 2+ ]|. We estimate that we could reliably detect [Ca 2+ ], when it exceeded 0.4 /xM.
There are a number of potential problems in this calibration procedure. 1) The level of [Mg 2+ ]; in heart muscle under normal conditions remains subject to considerable uncertainty. 27 In our earlier work, we used the value of 3 mM measured by Hess et al, 28 but it now appears that correction for the influence of sodium and potassium on the magnesium-sensitive electrode was incorrect in that study, and more recent work suggests values between 0.5 and 2.0 mM. 2729 In the present study, we have therefore taken [ will be overestimated to some extent during these oscillations.
The net effect of these uncertainties is that the estimates of [Ca 2+ ]j in this paper are subject to quantitative uncertainties that are certainly considerably greater than the standard errors in Table 1 .
The result of each of the stages of processing the light record is shown in Figure 2 . Table 1 were corrected for consumption in this way.
In addition to the minimally filtered light signal, a high-gain, highly filtered (bandwidth 0-1 Hz) light signal was recorded. The time at which the elevation of this signal was first detected during metabolic blockade is indicated by the arrows in Figures 2 , 3 , and 4.
Procedure
The papillary muscle was removed from the heart, set up in the chamber, and subjected to the 2-hour period of high-frequency stimulation. During this period, the slow decline of developed tension that is often observed in isolated papillary muscles seemed to be accelerated. Consequently, the developed tension at the start of the experiment was generally rather small. The preparation was then injected with aequorin, which took several additional hours. The muscle was then exposed to CN" or N 2 for variable periods. In most preparations, provided the initial exposures were reasonably short, that is, <20 minutes, two or three exposures could be made before the muscle became irreversibly damaged. Figure 1 shows the response of a glycogen-depleted ferret papillary muscle to a brief exposure to CN". As previously described, 21 the systolic [Ca 2+ ]| signal (calcium transient) and developed tension both fell to zero within a few minutes. However, when CN" was removed, the calcium transient increased to approximately twice the control size before slowly returning to normal. The twitch tension returned to control levels without any overshoot.
Results

Effects of Brief Periods of Metabolic Blockade
In muscles that were not glycogen-depleted, application of CN " (or replacement of O 2 by N2) had little or no effect on the calcium transients, but it reduced developed tension to about 30% of control values, as shown previously. Figure 2 shows records of light, fractional luminescence determined after correction for consumption, calculated [Ca 2+ ]i, and tension from a glycogendepleted preparation exposed to CN". As in Figure 1 , the developed tension fell to zero within 5 minutes. (Calcium transients are not visible at the gain and time resolution used in this figure; they did in fact fall to zero during 5 minutes, as shown in Figure 1 .) A shortlived increase in developed tension that precedes the decline is evident in this preparation. It is a variable phenomenon (absent in Figure 1 ; present in Figures 2, 3, 4, 7, 9, and 11) and has been ascribed to alkalosis associated with phosphocreatine breakdown. 21 After 7-8 minutes in CN~, the resting tension increased and reached a plateau after about 17 minutes. Throughout this study, we use "contracture" to mean a rise in resting tension without specifying the mechanism involved. Only after the development of this large contracture did [ Figure 2 , CN" was removed shortly after the contracture had reached a plateau and at a time when [Ca 2+ ]j was about 1.5 fiM. After removal of CN", [Ca 2+ ]i fell toward control levels, but within about 0.5 minutes, it began to rise so that the peak [Ca 2+ ]j was a little higher than that before CN~ removal. In general, the light signal after removal of CN" was extremely variable (see later section). After several minutes, [Ca 2+ ] ( began to decrease and after 15-20 minutes the resting [Ca 2+ ]j reached control levels. The contracture relaxed rapidly after removal of CN" (though often there was a brief rise first, e.g., Figures 3, 7, and 9) , and part of the way through this recovery the muscle began to respond to stimuli again. The calcium transient at this time was larger than control, and developed tension showed a substantial recovery.
Effects of Reversible Metabolic Blockade
A noticeable feature of the recovery in Figure 2 is the appearance of a period of arrhythmias lasting 2-3 minutes. These occurred in six of 15 recoveries of this type, and they are described in more detail in a later section.
This form of response, in which a substantial recovery of contractile function occurs, could often be observed several times in one preparation. However, on successive exposures to CN", the resting tension and [Ca 2+ ]i tended to rise faster (e.g., Figure 11 ). The degree of recovery also declined in repeated exposures to CN" of the same duration. Figure 3 illustrates the response of a glycogendepleted ferret papillary muscle to a longer exposure to CN". Developed tension increased transiently before falling to zero, and over the same period, the calcium transients declined monotonically (not visible in figure). After 8 minutes in CN", the resting tension started to increase and reached a maximum after 20 minutes. As in Figure 2, ]j when oxidative metabolism restarted could be observed if either the first exposure to CN" was very prolonged or the preparation had already been exposed to CN" several times with shorter exposures and recovered. As a general rule, muscles in which the contracture did not reach a maximum before CN" was removed recovered contractile function (e.g., Figure  2 ), while muscles in which a maximal contracture was maintained for 10 or more minutes (e.g., Figure 3 ) failed to recover. However, there were exceptions to this rule. For instance, Figure 7A shows a preparation that gave a maximal contracture for 20 minutes but recovered completely; in contrast, Figure 1 IB shows an experiment in which the preparation never produced a maximal contracture but failed to recover completely. In a later section, we show that the level to which [Ca 2+ ]j rises when oxidative metabolism restarts is a better predictor of the degree of mechanical recovery.
Effects of Metabolic Blockade From Which Preparation Does Not Recover
In two experiments, CN" was left in contact with the muscle for much longer periods, and [Ca 2+ ]; continued to rise more or less linearly with time. Because of the prolonged exposure to elevated [Ca 2+ ]i, all the aequorin was eventually consumed, but the [Ca 2+ ]i could be followed reliably up to about 10 /xM. These muscles did not recover when CN" was removed.
To observe the consequences of a more rapid and complete fall in ATP,.we blocked glycolysis with iodoacetate (see "Materials and Methods") in four experiments. Application of CN" to iodoacetate-treated muscles led to rapid development of a large contracture with resting tension starting to rise only 2.1 ± 0.4 minutes (mean±SEM, n = A) after exposure to CN". Resting [Ca 2+ ]j became detectable after 8.2 ± 1 . 6 minutes and also rose rapidly to high levels. A representative example of the early part of metabolic blockade under these circumstances is shown in Figure 4 . None of these muscles recovered when CN" was removed. ]i measured during and after metabolic blockade is also correlated with the degree of mechanical recovery of the muscle after CN" exposure. Table  1 shows the collected results of 19 exposures to CN" under various conditions. The first three groups show results from glycogen-depleted muscles exposed to CN" as described in the preceding sections. The individual exposures to CN" were assigned to three groups on the basis of the degree of recovery of resting tension when CN" was removed. Resting tension in control conditions = 0%; resting tension at the end of CN" exposure = 100%. Recovery group: resting tension fell to < 15%. Partial recovery group: resting tension fell to between 100% and 15%. No recovery group: resting tension increased >100%.
The level of resting tension achieved in the steady state after oxidative metabolism was restarted is shown for each group in the first column, and the developed tension achieved in the steady state is shown in the second. Clearly, return of resting tension to. control levels and the recovery of developed tension are correlated. It is also apparent that in the recovery group the [Ca 2+ ]j both during and after CN" exposure was relatively low. Moreover, the [Ca 2+ ]j levels during and after CN" exposure were not significantly different. In this group, the [Ca 2+ ]i fell significantly between 2 and 6 minutes after CN" removal. (We have used the 2nd minute after the removal of CN" for this comparison since the [Ca 2+ ]i usually showed a transient fall in the 1st minute.) In comparison, the [Ca 2+ ]; levels in the nonrecovery group were significantly higher, both during and after CN" exposure, though they were not significantly different from each other. Furthermore, the [Ca 2+ ]j did not change significantly between 2 and 6 minutes after removal of CN. In fact; in three of four muscles, [Ca 2+ ]i increased steadily after CN" removal (e.g., Figure 3 ). The fourth preparation showed a large increase in [Ca 2+ ]i during the 2nd minute, which subsequently fell, but thereafter, [Ca 2+ ]; showed a steady increase. The partial recovery group showed intermediate results in all respects.
Oscillations in [Ca 2+ ] i and Arrhythmia After Metabolic Blockade
As noted above, the [Ca 2+ ]| on recovery does not appear to be significantly different from that seen during metabolic blockade, although there is evidence of an increased calcium influx during recovery. 17 One reason for this could be that calcium influx is buffered and has little effect on the mean [Ca 2+ ]j. Evidence for such a mechanism comes from comparison of the calcium signal during CN" with that immediately after its removal. Figure 6 shows the light signal from the last minute of CN" exposure and the 1st minute after CN" was removed. The noise on the light signal seen while CN" is present is due to random photon noise. On CN" removal, the noise level increased greatly, and the additional component of noise represents real variations in [Ca Figure 7 shows the effects of metabolic blockade on the aequorin light from a preparation in which only one cell in a papillary muscle had been injected with aequorin. The tension record shows a recovery-type response. The light record does not show detectable elevation during metabolic blockade, but when CN" was removed, the record shows large spontaneous transient light signals from the injected cell. These signals are similar to those previously recorded from single cells from calcium-overloaded preparations. 20 This experiment supports the idea that the sarcoplasmic reticulum becomes loaded with calcium when oxidative metabolism restarts.
Arrhythmias appeared during the period of recovery when [Ca 2+ ]j was greatly elevated and when, as shown above, spontaneous release of calcium from the sarcoplasmic reticulum was occurring. Figure 8 shows, at much increased time resolution, the beginning and end of a group of arrhythmias that occurred in the experiment shown in Figure 2 
s
Metabolic Blockade in Sodium-Free Solutions
It has been postulated that Na-Ca exchange may be important in determining the [Ca 2+ ]i during both metabolic blockade and recovery." 3738 We have therefore measured [Ca 2+ ]j during metabolic blockade under conditions where the Na-Ca exchange does not operate. Lithium is not carried by the Na-Ca exchanger 39 so that operation of the exchanger was prevented by replacing all sodium with lithium. Since lithium passes through the sodium channel, the muscle is initially excitable, though excitability slowly declines as lithium is not removed from the cell by the Na pump. Developed tension is increased in sodium-free solutions, presumably because of the calcium-loading associated with the efflux of sodium when extracellular sodium is removed. 30 aration had become inexcitable (see above). When sodium-based solution was returned, the threshold for stimulation returned to normal, and developed tension recovered completely (not shown).
Mean levels of [Ca 2+ ] ; at the end of metabolic blockade and during reactivation of oxidative metabolism in sodium-free solutions are shown in the bottom row of Table 1 . The average results confirm that although [Ca 2+ ]; rose as high during metabolic blockade as it did in the no recovery group, the recovery of resting and developed tension in the sodium-free group was the most complete of any group.
Effect of Interventions That Block Calcium Influx
Studies by Poole-Wilson et al 40 have shown that the calcium influx on reperfusion could be reduced by Ni 2+ or by lowered [Ca 2+ ] in the perfusing solution. Specific calcium channel blockers, however, were ineffective. Large concentrations of nickel or lowered extracellular calcium will block calcium entry by all routes, but the fact that influx could not be blocked by calcium channel blockers suggests that the main effect of nickel or low calcium is to prevent calcium influx on the Na-Ca exchanger. Accordingly, it was of interest to observe the effects of nickel or low calcium on [Ca 2+ ]i both during metabolic blockade and after removal of CN". Figure 10 shows the effect of lowering [Ca 2+ ] 0 to 0.2 mM during metabolic blockade after [Ca 2+ ] : had risen substantially. The figure shows that [Ca 2+ ]j fell rapidly and reversibly; resting tension (not shown) was unaffected. Similar results were obtained during addition of nickel (3-10 mM). Figure 11 shows an experiment designed to illustrate the effect of nickel (10 mM recovery of mechanical function. In Panel A, CN was applied, and [Ca 2+ ]; was allowed to rise to 3.5 /xM, a level that previous experience (see Table 1 ) had suggested would lead to incomplete recovery when oxidative metabolism was restarted. Nickel was applied to the muscle at the same time that CN" was "removed. [Ca 2+ ]j showed only a small rise and fell toward control levels within 5-10 minutes. Resting tension also fell rapidly to control levels, and after nickel had been removed, developed tension recovered fully (control period, Figure 1 IB) . The muscle was then exposed to CN~ a second time (Figure 1 IB) . Since this was a second exposure, [Ca 2+ ]| and resting tension rose more rapidly than on the first exposure (Figure 11 A) . CN" was removed at a lower [Ca 2+ ]| (2.5 /xM) than in the experiment shown in Figure 11A , but the subsequent elevation of [Ca 2+ ]j was larger than in the previous exposure and failed to recover. Resting tension only partially recovered, and the developed tension, after a partial recovery, declined irreversibly. This experiment, therefore, shows that nickel can reduce the rise of [Ca 2+ ]i on reactivation of oxidative metabolism and that if [Ca 2+ ]i does not rise when oxidative metabolism is reactivated then mechanical recovery can occur in circumstances in which it would otherwise fail.
Discussion
In these experiments, we have explored the changes in [Ca 2 +]j that occur after production of ATP has been greatly reduced or prevented. It is worth noting that in the present experiments, in contrast to ischemia, there will be little intracellular acidosis 41 because glycolysis and lactic acid production are prevented throughout, and there will be little extracellular K + accumulation because K + can diffuse into the perfusate.
The earliest change in [Ca 2+ ]; is a decline in the amplitude of the calcium transients that occurs within a few minutes of the application of CN" 21 ( Figure 1 ). This decline is thought to occur before [ATP] ( has fallen significantly, but its mechanism has not been established (for review, see Allen and Orchard" and Kentish and Allen 42 ). Our results show that resting [Ca 2+ ]j can be elevated during both metabolic blockade and subsequent reactivation of oxidative metabolism. The characteristics of the light signals during these periods are different, and we discuss the underlying mechanisms separately.
Mechanism of Changes in During Metabolic Blockade
A large rise in resting tension (contracture) always preceded detectable elevation of [Ca 2+ ]j. The experiments of Fabiato and Fabiato 43 show that at low levels of [Ca 2+ ],, ATP must fall to below 0.1 mM to produce a rigor contracture. This suggests that the [ATP]j was below this level at the time when [Ca 2+ ]j started to rise. Thus, a fall in [ATP] : (or perhaps the free energy of hydrolysis of ATP, see discussion in Allen and Orchard") is probably the critical factor in the elevation of [Ca 2+ ],.
The fact that resting [Ca 2+ ]; was not detectable in these experiments until it exceeded 0.4 /xM (see "Materials and Methods") means that changes below this level could have preceded, and could have made a small contribution toward, the development of the contracture that occurred long before any measurable increase in [Ca 2+ ]j. The experiment shown in Figure 1 provides indirect support for this view since after a short period of metabolic blockade reactivation of oxidative metabolism led to an increase in amplitude of the calcium transients that transiently exceeded the control level. A possible explanation is that resting calcium was slightly (though not detectably) elevated during metabolic blockade and during the subsequent reactivation of oxidative metabolism and that this increased [Ca 2+ ]| led to greater sarcoplasmic reticulum loading and greater calcium transients.
Why does detectable elevation of [Ca 2+ ]j lag for so long after the development of the contracture? Assuming both are due to the fall in ATP, two possible explanations are as follows. First, the pumps or exchangers that maintain the low [Ca 2+ ]; are capable of working at an ATP level lower than that which produces a rigor contracture. Second, there is a lag between the fall of ATP and the rise of [Ca 2+ ];. In this context, it is worth noting that if the Na pump is suddenly blocked by a large concentration of glycoside, there is a substantial delay (>10 minutes) before [Ca 2+ ]i (as detected by aequorin) rises detectably. 20 The second explanation seems likely to make at least some contribution because in the experiments with iodoacetate, in which ATP probably drops to very low levels very rapidly, 23 there was still a lag of 6 minutes between the appearance of a contracture and the detectable rise of [Ca 40 and that is blocked in our experiments by sodium-free solutions or by low extracellular calcium.
In summary, we think that the early contracture is a rigor contracture due to low [ATP]j. The late rise in [Ca 2+ ]; is largely due to an elevation of [Na + ]j and the operation of the Na-Ca exchange.
The main features of the ionic changes discussed above are shown in Figure 12 .
Mechanism of Changes in [Ca
2+ ] i When Oxidative Phosphorylation Restarts
The first change seen when oxidative phosphorylation restarts was a fall in [Ca 2+ ]j during 10-20 seconds. It seems likely that this fall represents the rapid uptake of calcium by the sarcoplasmic reticulum as ATP is produced. After this initial fall, the mean level of calcium increased again but became highly variable in amplitude with components at frequencies below. 1 Hz dominating. This oscillatory [Ca 2+ ]; is similar to that observed in calcium-overloaded preparations, 3031 which has been attributed to a cycle of calcium uptake and spontaneous release from the sarcoplasmic reticulum. This interpretation is reinforced by the results of the experiments in which only a single cell was injected with aequorin ( Figure 7 ). This experiment shows clearly that immediately after the reactivation of oxidative phosphorylation spontaneous bursts of light occur that represent the spontaneous release of calcium from 2+ ], that follows reactivation of oxidative phosphorylation can be prevented in two ways. First, it can be prevented when cyanide is both applied and removed in a sodium-free, lithium-containing solution. This result suggests that the elevation of [Ca 2+ ]j on reactivation of oxidative phosphorylation requires the operation of the Na-Ca exchanger. Second, it can be prevented by application of nickel at the time of removal of cyanide. Nickel will block calcium entry by both calcium channels and the Na-Ca exchanger.' 4 * Nickel is also known to block the increased calcium influx on reoxygenation, while calcium channel blockers do not prevent this calcium influx, 40 suggesting that Na-Ca exchange is the main route for calcium influx. Thus, our two results are consistent with the idea that the elevated [Ca 2+ ], on reactivation of oxidative phosphorylation occurs through influx on the Na-Ca exchanger. Simultaneous measurements of [Na + ]i, [Ca 2+ ]i, and membrane potential will be needed to confirm this idea.
However, the reason that the Na-Ca exchange should suddenly cause a large influx on reactivation of oxidative metabolism is less clear. One possible hypothesis is as follows. [Na + ]j eventually rises during metabolic blockade, presumably because the Na pump fails and because [Ca 2+ ]| rises as a result of operation of the Na-Ca exchange. For any given [Na + ]j and membrane potential, there will be an equilibrium value of [Ca 2+ ]| that the exchanger will attempt to achieve. However, the actual influx of calcium during metabolic blockade is very small because the main intracellular calcium buffers, the sarcoplasmic reticulum and the mitochondria, 49 are not capable of accumulating calcium under these conditions. When oxidative metabolism restarts, the rise in [ATP]; allows calcium to be pumped into the sarcoplasmic reticulum. In addition, the return of the proton gradient across the inner mitochondrial membrane coupled to the elevated [ Figure 13 .
Arrhythmias
A number of mechanisms have been proposed to explain the increased incidence of arrhythmias during reperfusion of ischemic cardiac tissue. 50 It seems clear that in the present experiments, involving metabolic blockade in small and homogeneous tissue, reentry mechanisms are unlikely to be important. The arrhythmias we observed appeared to be related to the spontaneous increases in [ there must be sufficient ATP to reactivate the various ionic pumps involved. Probably, the most important cause is reactivation of the Na pump to lower [Na + ]; and to reduce the potentially very large influx of calcium through Na-Ca exchange. Reactivation of the surface membrane Ca pump will assist calcium removal, but its maximum extrusion rate is low. 44 Note that the sarcoplasmic reticulum Ca pump provides little benefit; although it takes up calcium, the store rapidly overloads, leading to calcium release, and the net reduction in myoplasmic [Ca 2+ ]j is small. When [Ca 2+ ]j is high, three calcium-dependent processes reduce the availability of ATP and reduce the effectiveness of the above ionic pumps. First, actomyosin ATPase will be maximally activated. Second, mitochondria take up calcium, which dissipates their proton gradient and reduces their rate of ATP synthesis. Third, the sarcoplasmic reticulum will consume ATP nearly at its maximum rate. 
Relevance of Present Experiments to Ischemia and Reperfusion
Our experiments show that large rises in [Ca 2+ ]i occur both during prolonged metabolic blockade and reactivation of oxidative metabolism and suggest that increased [Ca 2+ ]; has a direct role in the failure of mechanical recovery. It is probable that the prolonged elevation of [Ca 2+ ]| is also involved in the more general cellular damage, of which failure of mechanical recovery is an early sign. The levels of [Ca 2+ ]; that we have measured would lead to significant activation of certain proteases that exist in cardiac muscle. 4 Our results suggest that the elevated [Ca 2+ ]j on reactivation of oxidative metabolism is caused by calcium entry on the Na-Ca exchanger. This means that if drugs could be found that inhibited the exchanger they might have considerable therapeutic value in prevention of cellular damage when reoxygenation occurs after a period of metabolic blockade.
An important question is whether the phenomena that we have described during and after metabolic blockade occur also during ischemia and reperfusion. The latter stages of ischemia resemble metabolic blockade in that both oxidative phosphorylation and anaerobic glycolysis are prevented, and in both conditions, phosphocreatine and ATP eventually fall to very low levels. 313 There is evidence that [Na + ]j rises in both situations, 1646 - 47 and the results of Steenbergen et al 18 show that [Ca 2+ ]i rises in ischemia as shown in the present study. During both reperfusion and reoxygenation, there is a large influx of calcium, 40 and the structural damage that occurs in both situations is similar. While these many similarities suggest that metabolic blockade is an adequate model for late ischemia, Jennings et al 51 have found membrane damage in the period during which ischemia became irreversible but not in the equivalent period during metabolic blockade. On this basis, they suggest that the calcium influx on reperfusion is through membrane defects that develop during ischemia and that the underlying mechanism is different from metabolic blockade and reoxygenation. Resolution of this discrepancy requires more realistic models of ischemia that allow measurement of intracellular ionic and metabolic levels.
